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1604-1608 (1996) Detection of Mycobacterium tuberculosisDNA with thermophilic strand displacement amplification and fluorescence polarization Tuberculosis is one of the most common human infectious diseases, infecting an estimated 1.8 billion worldwide with -2.7 million deaths per year [1] . The disease is caused by Mycobacteriurn tuberculosis, M. bovis, and M. africanum.Culture-based diagnosis provides exquisite sensitivity and specificity but requires 1-6 weeks because of the species' slow growth rates. Acid-fast organisms can be quickly identified in stained smears but with low sensitivity (>1 4 organisms/mL). Consequently, there is an acute need for a rapid and sensitive test, a challenge for which nucleic acid diagnostics is well suited. Strand displacement amplification (SDA) is an in vitro method for DNA detectionthat provides l0'#{176}-fold amplification of a target DNA sequence in 15 mm during constanttemperature incubation at 60 #{176}G [2] .' SDA is based on the ability of a restriction enzyme to nick a hemimodifled recognition site and the ability of a polymerase to displace a downstream DNA strand during replication.
Exponential amplification is achieved through repeated nicking, strand displacement, and priming of displaced strands (Fig. lA) Consequently, a fluorescent dye attached to an oligodeoxynucleotide will lead to slower tumbling (longer correlation time) upon hybridization.
The average correlation time for a dye population is reflected in the fluorescence polarization value of the sample, independent of the total dye concentration. Therefore, probe hybridization can be detected without removal of excess probe as long as an appreciable percentage of total probe is converted to the double-stranded form. Previously, we developed assays for detection of M. tuberculosis DNA that were based on SDA and fluorescence polarization with either La Jolla Blue [4, 5] or fluorescein [6] as the fluorophore. The assays are based on hybridization of a detector probe to the amplified target sequence that increases in concentration during SDA, allowing real-time detection through the corre- SDA starts with a target-generation step during which target fragments flanked by nickable BsoBl sites are generatedfrom the genomictarget sequence. This is immediately followed by the exponentialSDAcycle in a single and concerted reaction. Fig. 1 depicts the SDA cycle but omits the target-generation step, which is describedelsewhere (2, 9] . (A) The SDA cycle operates with an excessof primersS1and S2,which bindto opposite strands of the target sequence,flanking the region to be amplified. S1 and S2 contain target binding regionsat their 3' ends and a recognitionsite (5CTCGGG) for the restriction enzyme BsoBI located immediately5' to the target binding regions (BsoBI recognition sites are designated by raised boxes). Duringeach round of the cycle, the 3' end of S1 binds to the 3' end of the displaced target strand 12, forming a duplex with 5' overhangs. Likewise, S2 binds toT1, the complement of T2. Exo Bca extends the recessed 3' ends of the duplexes with dATP, dTrP, dGTP and dCTPaS, producing hemiphosphorothioate recognition sites that are nicked by BsoBl. These nicking and extension/displacement steps cycle continuously (short upturned arrows) becauseextensionat a nick regeneratesa nickableBsoBl recognition site. the strand displaced from the S1T2 duplex is identical toT1. Likewise, the displaced strand from the S2T1duplex is identical to T2. Consequently, target amplification is exponentialbecauseeachdisplacedT2 binds a new S1 primer while each displaced T1 binds a new S2 (long upturned arrows). Sense and antisense strands are differentiated by thin and thick lines, respectively.Intact Clinical Chemist,y 42, No. 10, 1996 1605 sponding increase in polarization [4, 5] . We have now adopted the fluorescein-based assay to a recently developed thermophilic form of SDA that involves the restriction enzyme BsoBI and an exonuclease-deficient polymerase from Bacillus caldotenax (exo Bca) [2] .
The current SDA/polarization assay provides very rapid and sensitive detection of M. tuberculosis DNA with a simple protocol: SDA reactions are assembled and incubated 15 mm at 60 #{176}C and the fluorescence polarization values are recorded in a commercially available fluorometer especially designed for ineasuring fluorescence polarization for fluorescein. We can detect a single M. tuberculosis genome by using the 1S61 10 element as the target sequence [7] . We enhanced M. tuberculosis-specific polarization by post-SDA addition of a DNA polymerase that binds specifically to the double-stranded probe, further slowing its tumbling time in solution.
Materials and Methods
All oligodeoxynucleotides
were purified by denaturing gel electrophoresis.
The from the processed samples were added to SDA reactions with provision for the K, HPO4 contribution from the processed sample, and subsequent polarization detection was as described above.
Results and Discussion
The associated change in exclusion volume that accompanies hybridization of a fluorescently labeled oligodeoxynucleotide decreases the fluorophore's motion in a manner that can be detected through an increase in fluorescence polarization, depending on the fluorescent lifetime of the dye. We have designed a polarization detection system in which a fluorescently labeled probe hybridizes to the target sequence during SDA (Fig. I) . The detector probe (D) binds to one of the strands displaced during the SDA cycle at a location immediately downstream from SDA primer S (Fig. lB, structure I ). l and D are extended by polymerase (structure II), resulting in displacement of the probe extension product (structure III) in a manner analogous to the strand displacement reaction intrinsic to SDA (Fig. lA) . (Compared with SDA in the absence of a detector probe [2] , we have reduced the concentration of S to help ensure that it is not extended before hybridization of the downstream detector probe, which is present at only 5 nmol/L.) The displaced, single-stranded probe extension product (structure III) binds the other SDA primer (S2), forming a complex (structure V) that is extended by polymerase (structure VI). This double-stranded complex (structure VI) provides a template for linear SDA in which BsoBI nicking of its recognition site on S2 (structure VII) and polymerase extension/displacement at the nick produce single strands, to which additional detector probes bind (structure VIII) and are extended (structure IX). Structures I, VI, VII, VIII, and IX all account for hybridized forms of the detector probe that are detectable through high polarization values.
The polarization change can be enhanced by including a protein that binds specifically to the double-stranded form and further reduces the dye's movement in solution. Previously, we developed a system that involved a genetically engineered EcoRl restriction endonuclease [EcoR!(glnl 11)1, which lacks cleavage activity but retains binding affinity for the double-stranded EcoPJ recognition sequence [6] . During SDA, in a target-specific manner, a single-stranded probe containing
an EcoRI recognition sequence at its 5' end was converted to a fully doublestranded form that bound EcoRI(glnl 11), thereby enhancing the conformation-associated change in polarization. However, polarization enhancement by EcoRI(glnl 11) was diminished by competitive binding to the human DNA that was added to mimic clinical specimen conditions.
That study also included an earlier form of SDA that operated at 40 #{176}C and produced high amounts of background amplification products that also competed for EcoRI(glnl 11) binding.
The present report reduces the problem with background DNA in two ways. First, we have adopted a new form of SDA that produces less background amplification because it operates at a more stringent hybridization temperature (60 #{176}C) and requires only 15 mm. Second, we found that DNA polymerases specifically enhance polarizationof the hybridized detector probe even in the presence of 10 g of human DNA. For example, hybridization of the detector probe to its oligodeoxvnucleotide complement at 37 #{176}C produces an increase in polarizationfrom 55 to 70 mP, whereas the corresponding change is from 55 to 125 mP for 0.5 pmol of detector probe in the presence of 8 U of exo &a. Polymerases probably maintain specificity for the hybridized detector probe in the presence of high-molecular-mass human DNA because the ends of the detector probe helix resemble replication sites. We suspect many other types of double-strand-specific proteins will produce comparable polarization enhancement, but exo Bca is attractive because it is the polymerase used in the current thermophilic SDA system [2] . We applied fluorescence polarization detection to the thermophilic SDA system previously developed for M. tuberculosis [2] sensitivity at low target concentrations by -10-fold compared with the previous system that operated at 40 #{176}C and had EcoRI(glnl 11) as the enhancer [6] . Additionally, the In summary, we have combined SDA with fluorescence polarization with a fluorescein-labeled detector probe. Probe hybridization to the amplified target occurs simultaneously with SDA, as indicated by an increase in polarization.
Extremely sensitive detection of M. tuberculosis DNA was achieved with a simple protocol after only 15 mm of SDA. We were able to enhance the sensitivity of the system by including a protein that binds specifically to the double-stranded detector probe. Future development will combine thermophilic SDA with simultaneous polarization measurement in a closed-tube, homogeneous format that guards against false positives due to accidental contamination with previous amplification products because the reactions are never opened after SDA.
